ZnIn 2 Se 4 (ZIS) films were grown by chemical bath method and the effects of precursor concentration (P C ) on the chemical and physical properties were investigated for the first time. The layers were grown on Corning 7059 glass substrates using equimolar aqueous solutions of zinc chloride, indium tri-chloride and sodium selenite as precursors.
Introduction
ZnIn 2 Se 4 (ZIS) is a ternary semiconductor that belongs to A II B 2 III X 4 VI chalcopyrite family. It attracts the attention of many researchers due to its potential application in various fields, including photoelectronics and photovoltaics [1] [2] . Photovoltaic devices with the highest conversion efficiency of 15.3% has been reported for Cu(In,Ga)Se 2 -based solar cells using ZIS as the buffer layer [3] . Investigations on structural, optical and electrical properties of ZIS films grown by various methods such as chemical Open access under CC BY-NC-ND license. transport reaction, chemical vapor deposition with iodine as the transport agent, spray pyrolysis and thermal evaporation have been reported [4] [5] [6] [7] . However, to our knowledge, no attempt has been made to prepare ZIS films by chemical bath deposition (CBD) method. CBD is a simple and low cost technique capable of depositing homogeneous, uniform and smooth layers [8] . Generally, the properties of thin films are highly dependent on the technique used and deposition conditions employed to grow the layers. In the previous work, we studied the effect of pH on the physical properties of CBD grown ZIS films [9] . In this paper, we report, for the first time, on the effect of precursor concentration on the structure, composition, optical properties and photoluminescence of ZIS films prepared by CBD technique.
Experimental
ZIS films were deposited on Corning 7059 glass substrates by chemical bath deposition. Aqueous solutions of zinc chloride (ZnCl 2 ), indium tri-chloride (InCl 3 ) and sodium selenite (Na 2 SeO 3 ) are used as the precursor materials for Zn, In and Se respectively. The concentration of all the three solutions was maintained constant for a particular deposition and is termed as 'precursor concentration (P C )'. The chemical bath is made by mixing 10 ml of ZnCl 2 , 20 ml of InCl 3 and 40 ml of Na 2 SeO 3 solutions complexed with 2 ml of (80%) hydrazine hydrate in a separate beaker. Few drops of 25% ammonia (NH 3 ) are also added to the mixture in order to adjust the pH of the solution to a value, 10. Ultrasonically cleaned glass substrates were dipped into the solution bath vertically while stirring of the solution continues. The deposition was carried out at different precursor concentrations that vary in the range, 0.01 -0.075M at a constant bath temperature of 80 o C and fixed deposition time of 90 min. The crystallinity of ZIS films was measured using a Siefert X-ray diffractometer with Cu-K α radiation source (λ=1.5402Å). The composition and morphological properties were analyzed using X-ray energy analyzer (Inca Penta FETx3) attached to Zeiss scanning electron microscope (SEM). Optical transmittance studies were performed using Perkin Elmer UV-Vis-NIR spectrophotometer, Fourier transform infrared (FTIR) and photoluminescence (PL) studies made using Thermo Electronic Corporation (IR200 FTIR) and Florolog-3fluorescence spectrometer respectively.
Results and discussion
The deposited layers were strongly adherent to the substrate surface and appear brick-red in colour. The thickness of the films, determined by a weighing method was approximately 0.75μm. The chemical composition of the films was evaluated from energy dispersive analysis of X-rays (EDAX) measurement. The EDAX spectra indicated the prominent peaks corresponding to Zn, In and Se in addition to O, C and Cl. The evaluated stoichiometry of the grown films deviated from the 1:2:4 atomic ratio of ZnIn 2 Se 4 , which is mainly due to the incorporation of oxygen, carbon and chlorine into the films during the growth process. In the EDAX spectra, the peaks of 'In' are more pronounced when compared to the other elements. This might be due to the presence of insoluble In(OH) 3 in minute quantity on the film surface. The appearance of oxygen in the EDAX spectra might be due to the presence of oxygen in the aqueous solutions of precursors used for the film deposition [10] and /or incomplete reaction of the bath mixtures.
The X-ray diffraction (XRD) spectra of all ZIS films grown at various P C values showed a strong (112) orientation, exhibiting the tetragonal crystal structure. The spectra also showed four major peaks related to the (110), (200) and (211) planes in addition to low intensity (103), (213), (204) and (310) planes that correspond to the orientations of ZnIn 2 Se 4 . No other peaks related to binary phases of Zn-Se and In-Se were observed. These results are in agreement with the JCPDS and other reported data [11, 12] . Fig. 1(a) shows the typical XRD spectrum of ZIS film formed at P C =0.05M. All the films also showed board peaks with a high fringe width at half maximum (FWHM), indicating nanocrystalline nature of the layers. The evaluated lattice parameters, a and c were approximately in agreement with the reported values [12] . The crystallite size, D of the films was evaluated using the Debye Scherer formula [13] Cos
where 'β' is the FWHM of (112) peak of ZIS, 'λ' is the wavelength of X-rays and 'θ' is the corresponding diffraction angle. The evaluated crystallite size varied in the range, 54 -125 Å in the P C range investigated. The SEM surface topography revealed that the layers formed at lower P C values showed number of regions separated by micro-cracks in which unevenly distributed small spherically shaped grains are distributed. Fig. 1(b) shows the SEM image of a typical ZIS film prepared at P C =0.05M. The optical transmittance studies of as-deposited ZIS films were carried out in the wavelength range, 350 -2500 nm and the corresponding transmission spectra are shown in Fig. 2 . A sharp fall in the optical transmittance revealed that the deposited films had direct optical transition between the parabolic bands and also indicated better crystallinity of the films. The optical transmittance of ZIS films increased with increase of precursor concentration and the films deposited at a P C = 0.05M had an optical transmittance > 75%. However, it is slightly decreased at P C >0.075M. The lower transmittance observed at lower P C values might be due to higher surface scattering since the surface of these layers looked rough, observed from the SEM analysis. Further, the absorption edge shifted towards the shorter wavelength side as with the increase of precursor concentration. This might be due the decrease in the grain size of the films. The optical energy band gap 'E g ' is determined using the following relation [14] (αhυ) = A (hυ -E g ) 1/2 (2) where α is the absorption coefficient, hυ is the photon energy. The dependence of ( h ) 2 on h for a typical ZIS film grown at P C =0.05M is shown in Fig. 2(b) . The extrapolation of the linear portion of the plot on to h axis gives the band gap of the film that varied in the range, 2.91-3.09 eV in the investigated P c range. The optical band gap obtained in this work is in good agreement with the value reported [7] .
The FTIR studies were undertaken in order to identify the functional groups present in the films. Fig. 3 shows the FTIR spectrum of ZIS film prepared at P C =0.05M, which showed different bands. The band at 748 cm -1 and 847 cm -1 are due to the incomplete conversion of Zn(OH) 2 in the grown films [15] , which is also evident from the EDAX spectrum indicating the presence of oxygen in the film. The low intensity band observed at 1640 cm -1 was assigned to the O-H stretching/bending vibration modes. The presence of an intense broad band at approximately 3400 cm -1 was attributed to the symmetric or asymmetric -OH stretching mode and the adsorption of oxygen on the film surface [16] . The photoluminescence spectra of ZIS films are reported for the first time and are shown in Fig. 4 that showed a main peak and shoulders on either side. The main peak corresponds to the energy band gap of the material that shifted towards lower wavelength side with the increase of precursor concentration. The corresponding energy band gap varied in the range, 2.86 -2.98 eV with the increase of P C , which are slightly lower than the value determined from the optical measurements. The decrease of overall PL intensity with increase in P C could be due to the increased number of trap states in the mid-band gap region for non-radiative transition. Gaussian curve fitting to deconvolute the shoulders in PL spectra revealed two broad peaks centred at 440-455 nm and 460-490 nm, respectively. The peak located at 440-455 nm might be associated with zinc interstitials (Zn i )/zinc vacancies (V Zn ) [17] , while the other at 460-490 nm is due to the donor-acceptor pair and/or oxygen residual impurity (O Se ) [18] . A detailed study of PL measurements with temperature is essential to understand the defect structure in ZIS films.
Conclusions
ZnIn 2 Se 4 films were successfully grown on Corning 7059 glass substrates using a low cost method, chemical bath deposition at different precursor concentrations for the first time. The layers prepared at P C =0.05M showed better crystallinity with a strong (112) orientation with higher grain size compared to the layers grown at other precursor concentrations. These films showed an average optical transmittance > 75% in the visible region with an energy band gap of 3.09 eV. The FTIR measurements revealed that ZIS layers consisted of adsorbed -OH group because of the presence of Zn(OH) 2 and In(OH) 3 in the solution, which is commonly observed in the films formed by CBD method. The PL studies revealed defect states corresponding to vacancies/interstitials in association with the related donor-acceptor states.
